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. Abstract
\

Dseveral families of UV-cured polyurethane acrylates were synthesized
and the effects of polyol type and molecular weight on their physical
properties were investigated. Increasing polyol molecular weight led to
a lower polvol glass transition temperature, a smaller amount of a separate
urethane acrylate phase, and a larger chain length between crosslinks.

The first two effects were reflected in lower modulus and strength at room
temperature while the larger chain length between crosslinks led to higher
elongation at break (room temperature) and lower modulus at high temperatures.
The use of different polyols {polycarbonate, polytetramethyicne oxide,
polypropylene oxide, and polycaprolactone) primarily affected the room
temperature modulus due to differences in the nosition and hreacth of the
polyol glass transition. The properties of materials based on isccyanatoethyl
methacrvlate (IEM) and toluene diisocyanate-2-hydroxyethyl methacrylezte
{TDI-HEMA) were also compared. -
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I. INTRODUCTION

High intensity radiation from electron beams or ultraviolet sources has been
shown to be an effective means to initiate‘polymerization in reactive oligomer
systems (1-5). The advantages of this technology include higher throughput,
savings in energy, and reduced or eliminated solvent emissions compared to sol-
vent-based systems, since most formulations are 100% reactive oligomeric liquids
(2). The major components of radiation curable systems are the reactive oli-
gomer, reactive diluent, and photoinitiator. Other components which often appear
in these systems include non-reactive modifiers, pigments, flow control additives,
and plasticizers. The most important of these components in determining the
mechanical properties is the reactive oligomer (2). Therefore, the molecular
design of radiation sensitive oligomers has been a major concern in recent years,

Among commercially important candidates, acrylated urethanes are most often
employed as oligomers because these materials combine the high abrasion resis-
tance, toughness, high tear strength, and good low temperature properties of
polyurethanes (}6) with the sqperior optical properties and weatherability of
polyacrylates. In general, a reactive mixture of urethane oligomer tipped with
acrylic functionality is combined with vinyl monomers (reactive diluents) which
are added to make harder products and/or to reduce the viscosity of the precur-
sor 1iquid to obtain better processibility., Commercial urethane acrylate oligo-
mers are normally prepared by a two step procedure. Typically, polyether or
polyester macroglycols are sequentially tipped by an aromatic difsocyanate such
as toluene difsocyanate (TDI), xylidine diisocyanate (XDI) or isophorone diiso-
cyanate (IPDI), and then by 2-hydroxyethylacrylate (HEA) or 2-hydroxyethyl-
methacrylate (NEMA) (7-9). It is also possible to react the diisocyanate first
with a deficiency of HEA or HEMA and then combine that adduct with the polyol.
With and without combination of acrylate monomers, these systems are highly

responsive to radiation, producing strong crosslinked films.




UV irradiation induced polymerization is accomplished by incorporation of
éuit§b1e ketone type initiators usually in combination with accelerators or pro-
ton donors (10,11) which produce free radicals upon exposure to light of
appropriate wavelength, This technology is now extensive]y_used in the printing
industry, where nhotoreproduction is possible, and in coating applications.

Only recently, however, have any publications appeared describing the physical
properties of urethane acrylates in any detail (2,12-20).

Oraby and Walsh (13,14) studied the mechanical properties of electron beam
cured acrylated polyeste: urethanes based on TDI-HEA oligomers of varying oli-
gomer structure, monomer content, and concentration of chain transfer agent. It
was shown from stqess-strain and thermal property measurements that increasing
the molecular weight of the urethane acrylate from 1000 to 4600 resulted in a
decrease in the stress at break, Young's modulus, and glass transition tem-
perature, while the elongation at break increased. Based on dynamic mechanical
and microscopic studies, Wadhwa and Walsh (15) concluded that these polyurethane
acrylates have a one phase morphology in which hard segments and soft segments
are homogeneously mixed. Wilkes and coworkers (16,17) investigated the effects
of crosslink density on the morphology and mechanical properties of IPDI-HEA
based materials., These materials were based on a crystallizable polycaprolac-
tone polyol and possessed a spherulitic superstructure., Increased crosslinking
reduced the degree of crystallinity and improved tensile strength.

Webb and coworkers (18,19) noted that the exposure of polyester urethane
acrylates to humidity leads to a lowering of the glass transition temperature
and a reduction of tensile prcperties relative to dry samples. The authors
attributed these results to a replacement of interurethane and urethane-ester
hydrogen bonds with hydrogen bonds to water molecules, Shilov et al. (20)

investigated the heterogeneocus stiructure of interpenetrating networks baszd on
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polyurethane acrylates by small angle x-ray scattering.

In a previous publication from this laboratory (12) the properties of
IPDI-HEA and TDI-HEA polytetramethylene oxide and polycaprolactone based
materials were reported. Increasing soft segment molecular weight led to the
development of a two phase morphology, reduced room temperature tensile strength
and modulus, and increased elongation. No significant differences were noted
between the tensile properties of IPDI and TDI based materials. One direct
comparison between a polytetramethylene oxide and polycaprolactone based
material indicated a slightly higher modulus but slightly lower ultimate proper-
ties for the polytetramethylene oxide based sample. The effectc of reactive
diluent monomer type and concentration were alsc investigated; those results .
will be compared with the results of recent studies of a similar nature in a
forthcoming paper (21),

In this investigation radiaticn sensitive materials are described based on
isocyanatoethyi methacrylate (IEM) and various polyols. IEM combines the acry-
late and {socyanate functiona}ity into one molecule thereby eliminating one step
in the oligomer synthesis (22). Either functional group can react independently,
usually without affecting the latent reactivity of the other group (22). Four
series of materfals have been preparel . ‘¢ on four different polyols
(polycarbonate (CB), polypropylene oxide (PP}, polytetramethylene oxide (ET),
and polycaprolactone (ES)). In addition the polyol molecular weight was varied
in some of the systems used. The effects of polyol type and molecular weight on
the properties of 1EM based U¥-tured urethane acrylates were investigated using
differential scanning calorimetry, dynamic mechanical spectroscopy, and tensile
testing. The results for the IEM based materials were also compared with

results for analogs derived from TDI-HEMA based materials,
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II. EXPERIMENTAL

A. Materials

Isocyanatoethyl methacrylate (IEM) was kindly provided by M.R. Thomas of
Dow Chemical and had a purity greater than 99% with 150 ppm_of 2,6-di-t-butyl
4-methylphenol (ionol) 1inhibitor (22). It was used as received. Polycarbonate
polyols (CB) (Vulkollan 2020) were received through the courtesy of Dr. H. Hespe
of Bayer. Polypropylene oxide polyols (PP) and hydroxyethyl methacrylate (HEMA)
were acquired from Aldrich Chemical Co. Polytetramethylene oxide (ET) and poly-
caprolactone (ES) polyols were obtained from Quaker Oats Chemical Co. and
Polysciences respectively. These materials were used after vacuum dehydration
for at least one d@y. Toluene diisocyanate (20/80 mixture of 2,6 and 2,4 iso-
mers) (TDI) was used as received from BASF Wyandotte.

IEM based UV-curable urethane acrylate oligomers were synthesized by slowly
adding one mole of dehydrated polyol into a nitrogen-purged reaction flask con-
taining two moles of IEM. The temperature was kept below 45°C to avoid thermal
polymerization of vinyl groups. About .15 wt.% stannous octoate (M and T
Chemicals) was added and two hours were allowed to complete the reaction. 100
ppm of hydroquinone was added as an inhibitor to ensure stable shelf life before
U¥-curing: The IEM-polyol structure shown in Figure 1 was confirmed by Fourier
transforz infrared spectroscopy.

A procedure similar to that described previously (12) was used to synthe-
size TDI based urethane acrylates. An equimolar amount of dehydrated HEMA was
added dropwise to TDI under a nitrogen atmosphere. Again, the temperature was
kept below 45°C to avoid thermal polymerization of the viny)l groups. In this
case the desired product is HEMA=TDI; however, some HEMA-TDI-HERA and free TDI
are produced. The dominant product should be HERA-TDI due to the reduced reac-
tivity of the second isocyanate of the non-symmetric &,4 TDI isower (23,24).

When the TDI/HEMA reaction mjxture temperature started to drop, a stoichiometric




quantity of dehydrated polyol was added along with stannous octoate catalyst.
The mixture was agitated for two hours and heated to 70°C to complete the reac-
tion. The structure of the dominant product is shown in Figure 1.

The photoinitiator used was a one-to-one mixture of 2,2'-diethoxyaceto-
phenone (Polysciences) and N-methyldiethanolamine (Aldrich). Approximately
.6 wtZ of the initiator mixture was added to the urethane acrylate oligomer
prior to curing. The reactive diluent chosen in this study was N-
vinylpyrrolidone (NVP) (Aldrich).

The structure of the IEM based urethane acrylates was varied by changing
the polyol type and the polyol molecular weight. Several TDI-HEMA based
materials were prepared to investigate possible differences between IEM and TDI
based samples and to note whether similar effects of polyol type and molecular
weight are observed. A1l of the materials studied are listed in Table 1.
Sample designation codes indicate whether the sample is IEM or TDI-HEMA (T)
based, the polyol type and molecular weight, and the weight percent of NYP added
before curing (0 or 25%). For example, IEM-ET1000-25N indicates a 1000 molecu-
lar weight polytetramethylene oxide, IEM based material with 25 weight percent
NVP,

B. Sample Preparation

The mixture of urethane acrylate oligomer, 0.6 wt% photoinitiator and reac-
tive diluent {NVP) was heatec slightlv above ambient temperature to ensure homo-
geneous mixing. The liquid prepolymers were poured into teflon coated molds of
varied thickness. Samples were about 0.2-0.3 mm in thickness for tensil- speci=
wens and 50 um for dynamic mechanical amalysis. To perform kinetic studies pre-
polymers were alse cast directly on KBr plates with a thickness that allowed at
least 307 transmission before and after UV-curing.

The sampler were irradiated from one side under 2 nitrogen atrosphere using

2 bank of 20W mercury lamps (3 = 365 nm) as the irradiation source. An irra-




diation time of 10 minutes was found to cure specimens satisfactorily and was
used for all of the samples.

C. Characterization Methods

1. Viscometry

The viscosity of prepolymers was characterized using a Brookfield visco-
meter, Some polycarbonate based prepolymers were solid at ambient temperature;
therefore, for comparison purposes, all viscosity measurements were performed at
40°C.

2. Soxhlet Extraction

The gel fraction of the cured samples was determined by Soxhlet extraction
using toluene for 24 hours. The insoluble gel fraction was dried under vacuum
for about two days and weighed to determine the gel fraction.

. Infrared Spectroscopic Measurements

Infrared spectra of thin polymer films cast on KBr plates were taken before
and after UY irradiation using a Nicolet 7199 Fourier-transform infrared

spectrometer. The characteristic C=C absorption of urethane acrylate at 1635

cm'l was used to determine the extent of photofnitiated viny)l polymerization.

1 was used to monitor the extent of reaction

The N=Ce=0 stretching near 2270 cm
in prepolymer preparations.

Q. Stress-Str;in Feasurements

Uniaxial stress-strain measucements at room temperature were mide using 3
tabie model Instron tensile testing machine with a crosshead speed of 0.5
inch/min. Dumbbell shaped film samples with a gauge length of 1.5 inch were
stacped out with an ASTH 412 die. The engineering stress was calculatad as the
ratio of force to initial cross-sectional area. Reported data were the average
of three tests.

5. Dynamic Mechanical Measurements

Dynamic mechanical data were collected at 110 Rz using & Teyo Rheovibron




DDV~11{ apparatus which was controlled automatically by a LS1-11/03 micropro-
cessor, Film samples of about 20 x 2 x 0.05 mm were tested under a nitrogen
blanket from =150°C to 200°C at a heating rate of 2°C/min.

6. Differential Scanning Calorimetry

DSC thermograms of urethane acrylate prepolymers as well as the UV-cured
polymers were recorded using a Perkin-Elmer DSC~II equipped with a thermal ana-
lysis data station. The experiments were carried out from -120°C to 180°C at a
heating rate of 20°C/min under a helium purge. The DSC thermograms were nor-
malized to equivalent sample weight to facilitate comparisons.

I1I. RESULTS AND DISCUSSION

A. Viscosity of Urethane Acrylate Prepolymers

The viscosity of solvent-free prepolymers in coating and printing applica-
tions is considered of primary importance. The measured viscosity at 40°C of
selected prepolymers is shown in Table 2. The data in Table 2 show that IEM
based prepolymers have lower bulk viscosities than corresponding TDI-HEMA based
samples by at least an order of magnitude. As expected (4), addition of NYP
(data not shown) led to ¢ large reduction in the viscosity of both IEM and TDI
based materials. Table 2 also shows that increasing polyol molecular weight and
using polytetramethylene oxide polyol instead of polypropylene oxide polyol
Yezds to an increase in the prepclymer viscosity for beth lEN and TDI based
saples.

3., The Extent of Photopolymerization

The U¥-initiated polymerization process was monitored by infrarel spectro-
scopy as illustrated in Figure 2 where the infrared spectrum of IEM-ET2000-0 was
tzken prior to and after cne minute of UV irradiation. The twice expanded Gif-
ference (after - hefore) spectrum is pletted to show spectroscopic changes
resulting from the curing process. The complete disappearance of the C=C band

at 1635 cm'] indicates that the vinyl polymerization reaction ha2s otcurred. The
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agifferences in the spectra at 1164 cm * 2nd near 1300 cm™

are typical of car-
bonyl and methyl groups linked to viny) groups that have reacted. The shift of

the carbonyl stretching at 1720 cm™!

may be indicative of side reactions asso-
ciated with the acrylate carbonyl (12). Beachell et al. (25,26) reported on the
gradual UV-induced decomposition of urethane compounds. In the present case,
minima1 changes in the spectral regions where urethane decomposition products
absord indicate u-ethane stability during the photopolymerization., Thus the
primary photochemical reaction is polymerization of the vinyl groups. Compared
with the TDI-HEA based systems studied previously (12) these lEM based materials
exhibited a higher rate of UV-curing. This result is attributed to the lower
viscosity of the IEM based prepolymers and the fact that gelation occurred at a
higher conversion of vinryl groups in samples based on lEM.

The extent of photopolymerization was also measured by Soxhlet extraction
to determine the gel fraction; results for selected samples are shown in Table
3. Generally, samples were found to contain greater than .95 gel fraction
although lower v2lues were occasionally found presumably due to inhibition of
the polymerization Dy dissolved oxygen. Only camples with a gel fraction
greater than .95 were used in the structure-property studies.

C. Thermal Properties

Differential scanning calorimetry {DSC) thermograms for several faamiiies of
materials are shown in Figures 3 and 5-7. Glass transition temperatures deter-
zwined from the thermograms are listed in Table I. Figure 3 shows DSC curves for
the IEM-PP-0 series before (broken line) and after (solid line)} UV-curing. The
glass transition temperature for these samples and the corresponding UV-cured
materials with 25 wt? KVP are plotted a2« 3 functicon of molecular weight in
Figure &. Figures 3 and & show that the uncured, 0 wt? NVP nmaterials exhibit a
trend of increasing glass transition temperature with decreasing polyol malecu-

lar weight., In contrast, low mclecular weight polymers generally exhibit
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decreasing Tg with decreasing polyol molecular weight which is interpretec as an
increase in the free volume associated with chain ends leading to increased
chain mobility (27,28). However, similar trends of increasing glass transii n
temperature with decreasing polyol molecular weight are commonly observed fc-
polyurethane block copolymers and are attributed to decreases in free vo . and
mobility due to the bonding of the polyol segments to the rigid urethane biocks
(27,28), UV-curing of the 0 wtZ NVP samples leads to an increase in che glass
transition temperature that is attributed to a reduction in the mubility of the
polyol chains due to crosslinking. This effect is particularly noticeable at
lower polyol molecular weights due to the increasing influence of chain end
restrictionf as the polyol chain length decreases (27,28).

Figures 3 and 4 also show that the incorporation of 25 wt3 NVP leads to
materials (after UV-curing) with higher glass transition temperatures. This
could be due to an increased crosslinkirg effect but is more likely a result of
adding a high glass transition temperature component to the materials. (The
glass transition temperature of poly(N-vinylpyrrolidome) has been measured by
0SC to be 73°C (12);. The fact that the Tg versus polyol molecular weight
curves for the 0 and 25 witl NVP materials are similar indicates that adding NVP
does not promcte increased restrictions of tne polyol chains due to increased
crosslinking. If tnat were indeed the case, the effect, as noted above, would
be expected to be greater at low polyol mdlecylar weights leading to a ¢if-
ference in the Tg versus polyol molecular weight curve shapes similar to the
differences between the before and after UV-curing I1EM-PP-0 curve shapes. The
effect ol adding NVP and other reactive diluents on the glass transition tem-
peratures of UV-curable urethane acrylates wili be investigated further in 2
forthcoming publication (21).

Figure 5 again shows the trend of increzsing glass transiticn temperature

with decreasing polyol molecular weight, in this case for the IEW-IN-Z3N-series
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materials. Here also the effect is more noticeable at low polyol molecular
wéigh;s. The effect of polyol type at roughly comparable polyol molecular
weights can be seen in Figure 6. -The polycarbonate (CB) based sample has the
highest Tg followed by the po1ycapr01aétone (ES) and polypropylene oxide (PP)
based materials with the polytetramethylene-oxide based saméle having the lowest
glass transition temperature. This trend is consistent with the chain flexibi-
1ity of the various polyols, polycarbonate having the stiffest chain backbone
and polytetramethylene oxide the most flexible.

The data in Figure 7 allow for comparison of the thermal properties of IEM
and TDI-HEMA based materials. The data in Figure 7 indicate that, at least for
polypropylene oxide and polytetramethylene-oxide based samples, TDI-HEMA based
materials possess g higher glass transition temperature, Similar TDI-HEA based
materials (12) also have a higher Tg than the IEM-based samples. The higher
glass transition temperatures of the TDI based materials can be attributed to
the stiffer, aromatic structure of TDI compared with the more flexible, alipha-
tic structure of IEM (Figure 1). 1In a previous study of TDI-HEA based materials
(12} several samples based on 2000 molecular weight polytetramethylene oxide
exhibited in 0SC thermogramc a second, high temperature glass transition asso-~
ciated with the development of a separate urethane acrylate and reactive diluent
phase in the ma;erial. None of the samples in this study exhibited similar
behavior., However, this does not necessarily eliminate the possibility of phase
separation in these materials since 1t was noted previously that several
materials exhibiting two phase behavior in dynamic mechanical spectroscopy
expériments did not exhibit two distinct glass transitions in their DSC ther-
mogram.. in fact, the authors (12) noted that no distinct glass transition was
observed by DSC for several materials that were shown by dynamic mechanical
spectroscopy to possess one very broad glass transition, implying some heteroge-

"nefty in the material., Similar behavior was exhibited by some samples {in this




study (for example, sample I1EM-£S530-25N 11 Figure 5). The possibility of a two
phase microstructure existing in these materials will be discussed further in
light of results from dynamic mechanical spectroscopy experiments.

The polytetramethylene oxide, polycarbonate and polycaprolactone based

materials might be expected to exhibit crystallization and or melting behavior

i;. since these polyols are capable of crystallizing as high molecular weight homo-
Ete polymers, yet no crystallization exotherms or melting endotherms were observed
3'- for any of the samples. This can partially be attributed to the low molecular
-;:3 weight of the polyols used; however, 2000 molecuiar weight polycaprolactone and
{i; polytetramethylene oxide based polyurethane block copolymers have been found to
_f' exhibi- 527 segment crystailization (29). Van Bogart et al. (29) have noted
'ﬁxg that increased mixing of hard (urethane) and soft (po]yol)_segments in

; ; polyurethane block copolymers reduces the amount of both hard and soft segment
{ i. crystailinity. In this study, no evidence for a two phase structure was

;§§ observed by DSC; however, as will be discussed in the next section, some degree
‘js of phase separation may exist. Yet similar 2000 molecular weight

;; polytetramethylene oxide based UV-cured urethane acrylates *hat do exhibit phase
;33 separation by DSC (two glass transition temperatures) did not exhibit polyol
;;5 crystallinity {12). Therefore, in addition to low polyol molecular weight,

_:: restrictions on polyol mobility due to crosslinking are probably responsible for
¥%§ the lack of polyol crystallinity to a greater extent than interactions between
'gs the polyol and the urethane acrylate or reactive diluent.

ld D. Mechanical Properties

ﬁiéi Stress-strain curves for several series of materials are shown in Figures
%E% 8, 11, 13, 14, and 16, and tensile properties (Young's modulus, elongation at
;.; break, and stress at break; are listed in Table 1. Dynamic mechanical storage
fi} modulus and loss factor curves are shown for several families of the UY-cured

W urethane acryiates in Figures 10, 12, !5, and 17. Figure 8 displays stress-
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strain curves for the IEM-PP series materials and tensile properties as a func-
tion pf poiypropylene oxide molecular weight are plotted for the IEM-PP-25N
materials in Figure 3. Figure 9 shows that Young's modulus decreases with
increasing polyol molecular weight while the elongation at break increases;
similar trends with polyol molecular weight have been observed by Oraby and
Walsh (13). The decrease in modulus with polyol molecular weight for the
IEM-PP-25N materials rlosaly parallels the decrease in glass transition tem-
perature with polyol molecular weight (Figure 4), Decreasing modulus and
ircreasing elongation at break are generally associated with a decreasing glass
transition temperature since more flexible materials are usually weaker but less
britile. Increasing polyol molecular weight also results in an increase in
chain lergth between crosslinks. This effective reduction of the crosslink den-
sity would also be expected to give rise to a lower modulus but greater elonga-
tion. It is also interesting to ncte that the stress at break which is affected
by both the brittleness and strength of a material exhibits a shallow minimum
with increasing polyol molecular weight (Figure 9).

Figure 8 shows that the IEM-PP-0 series materials exhibit the same trends
of tensile propzrties with molecular weight as the IEM-PP-25N samples. A com-
parison of samples from the two series at the same polyol molecular weight shows
that adding 25 wt% NVP dramatf ally improves e!ongation:;zrtﬁress at break while
increasing the modulus slightly. Generally, the incorporation of NVP in
UV-curable urethane acrylate results in a larger increase in modulus than that
observed for the IEM-PP10GO and¢ 1EM-PP2000 samples (12). The effect of reactive .
diluent content on the morphology and properties of UV-cured urethzne acrylates
will be discussed in detail in a subsequent publication (21).

The dynamic mechanical storage modulus and loss modulus curves for the

IEM-ES-25N series materials are shown in Figure 10. The loss modulus curves

‘exhibit peaks at approximatejy -120°C and -40°C and a high temperature peak or
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shoulder at about 50°C. The peak at -120°C is attributed to localized motion of
the polycaprolactone segments (6) while the peak at about -40°C is associated
with the glass transition of the polyol segments that was also noted in the DSC
data (Figure 5). 1In accord with the DSC data, decreasing polyel molecular
weight Jeads to a higher polyol glass transition temperature. Decreasing polyol
molecular weight also results in an increasing weight fraction of urethane acry-
iate segments and leads to development of a separate phase as indicated by
growth of a high temperature shoulder in the loss modulus curve. No associated
high temperatur~ transition was seen in the DSC date; however, as discussed pre-
viousiy, this is not unusual (12,27:?62. Figure 10 alss shows that decreasing
polyol moleculur weight leads to an %ncrease in the storage modulus in both the
transition and in t.: high temperature rubbery region. Thg increase of (e
stoiage modulus in the transiticn region is primarily due to an increasing
polyol glass transition temperature which effectively shifts the storage modulus
curve to higher temperature. Thus at a given temperature the higher glass tran-
sition tempeiature material las » greater modulus. The increased fraction of a
separate urethane acrylcte/reactive diluent phase with decreasing polyol molecu-
1ar weight will 2lsc increase the storage mo“uius in the transition regfon. The
increase of the modulus with r~Yyol weight at temperatures above 100°C is pri-
wmarily oue to the increase in rr.ss1ink density with shorter {lower molecular
weighi) polyol caains, The stress-strain curves for the IEM-ES-25N series
mterials sre shown in Figure 11, Sim!lar trends with polyol molecular weight
for this series are attributzbie to the same mornhaiogical factors whichk were
sugjested to explain the beravior of the .EM-PP materials. Figure 11 and Table
1 also gemonstrate relative rhanges in Young's modulus with polyol molecular
weight that are in good agreement with the dynamic storage modulus data at room

temperature (Figure 10).

Dynamic mechanical storage modulus and loss factor {tan 8) curves are shown

A
------
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for various IEM-polyol-0 materials with comparable polyol molecular weights in
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Figure 12. The loss factor curves exhibit one major peak associated with the

polyol glass transition that is broadened or has a shoulder on the high tempera-
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ture side indicative of the development of a urethane acrylate phase. If the
peak in the loss factor curve is taken as a relative measure of the glass tran-
sition temperature, the trend ov glass transition temperature with polyol type
(CB>ES>PP>ET) noted in the DSC curves is observed. The storage modulus curves

show differences in the transition region that reflect the position and breadth

of the polyol glass transition. The storage modulus at high temperatures is

i

roughly the same for all of the materials. Stress-strain curves for the same

PORA

family of materials (except IEM-ES830-0 is substituted for IEM-ES1250-0) are
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shown in Figure 13. The polycaprolactone (ES) and polycarbonate (CB) based

materials exhibit superior ultimate properties while the trend of Young's modu-

LAAAA

lus with polyol type (CB>:T>ES>PP) parallels the trend in the dynamic storage
modulus at 25°C. As noted above, both the position and breadth of the polyo!l
glass transition influence the room temperature modulus, For example, the poly-

tetramethylene oxide sample {IEM-ET1000-0) has a glass transition that is cen-

(u
e

)
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i

tered at a lower temperature than the corresponding ES or PP samples, but its

~y
B,

transition is broader leading to a higher room temperature modulus.

S

Incorporating 25 wtf NVP accentuates the differences in tensile properties

el LA

gi of the various polyol types as shown in Figure 14. The differences in Young's
§§ modulus follow the same trend with polyol type noted above and again are

f§' reflected in the room temperature dynamic storage modulus data shown in Figure
§§ 15, Figure 15 also demonstrates that incorporating 25 wt% NYP enhances the

;i- development of a sccond, high glass transition temperature phase in the samples

by the growth of the high temperature peak or shoulder in the loss factor curves.
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The addition of NVP also gives rise to an increase in the polyol glass tran-
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sition temperature. As noted above, both of these effects increase the dynamic
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storage modulus in the transition region and are also reflected in the improve-
ment of the Young's modulus that can be seen by comparing the data in Figures 13
and 14,

Stress-strain curves for several IEM and corresponding TDI-HEMA based
materials are shown in Figure 16, In all cases the TDI-HEMA based materials
exhibit a much greater modulus and stress at break and slightly improved elonga-
tion at break. The effects of polyol type {polytetramethylene oxide or polypro-
pylene oxide) and polyol molecular weight (1000 or 2000) on the tensile
properites follow the same trends discussed previously for both the IEM and
TDI-HEMA based materials. The improved tensile strength and modulus of the
TDI-HEMA based materials compared with the IEM based samples is also reflected
in the transiton region storage modulus data shown in Figure 17. The loss fac-
tor curves in Figure 17 indicate that the increase in the storage modulus in the
transition region of the TDI-HEMA samples relative to IEM based analogs is due
to an increase in the polyol glass transition temperature (note also the DSC
data in Figure 7) and an increased amount of the urethane acrylate phase. Both
of these effects could be anticipated on the basis of the differences in the
chemical structure of the TDI-HEMA and IEM components (Figure 1). As noted pre-
viously, TDI, because of its aromatic nature, would be expected to lead to a
higher glass transition temperature when it is reacted with a polyel. Also,
TDI-HEMA based materials contain a greater weight fraction of the urethane acry-
late component and the TDI-HEMA component is probably less compatible with the
polyether polyols than the aliphatic IEM structure. Both of these factors lead
to a greater amount of urethane acrylate phase in TDI-HEMA based materials com-
pared with IEM based saaples.

IV. SUMMARY
The effects of polyol type and molecular weight on the properties of

UV-cured polyurethane acrylates have been investigated using differential
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scanning calorimetry, dynamic mechanical spectroscopy and tensile testing.
Increasing polyol molecular weight led to a lower polyol glass transition tem-
perature, a smaller amount of a separate urethane acrylate phase, and a Tonger
chain length between crosslinks. " The first two effects were reflected in lower
dynamic and tensile moduli and tensile strength at room temperature. The longer
chain_length between crosslinks was manifested in higher elongations at break
(room temperature) and a lower dynamic storage modulus at high temperatures.

The effect of polyol type was primarily associated with the position and breadth
of the polyol glass transition. The dynamic storage and tensile moduli at room
temperature were found to increase with different polyols in the order polycar-
bonate > polytetramethylene oxide > polycaprolactone > polypropylene oxide.
Differences in the polyols did not significantly affect the elongation at break
or the dynamic storage modulus at high temperatures.

A comparison of several IEM and corresponding TDI-HEMA based samples showed
that the TDI-HEMA tased materials possessed a higher polyol glass transition
temperature and a larger weight fraction of phase separated urethane acrylate
material. These differences were correlated with the differences in chemical
structure between IEM and TDI-HEMA and resulted in greater tensile strength,
modulus and dynamic storage modulus in the transition region in TDI-HEMA based
materials. IEM and TDI-HEMA based sampies exhibited similar trends with polyol
type and molecular weight., The bulk viscosity of IEM based materials before
Uv-curing was found to be an order of magnitude lower than the viscosity of

TDI-HEMA based analogs.
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SAMPLE DESIGNATION, TENSILE PROPERTIES AND GLASS
TRANSITION TEMPERATURE OF UV-CURED
URETHANE ACRYLATES

YOUNG'S ELONGATICN STRESS DSC

MODULUS ~ AT BREAK AT BREAX T
SAMPLE DESIGNATION (MPa) (2) (MPa) (’é)
IEM~-PP1000-9 10.7 i7 1.8 -37
1EM~PP1000-25N 10.5 34 3.2 -35
IEM-PP2000-0 5.0 28 1.6 -54
IEM-PP 2000-25N 6.0 48 2.3 -50
1EM-PP3000-0 4.5 27 1.1 ~58
1EM-PP3000-25N 5.2 65 2.4 -56
1EM-PP4000-0 2.9 66 1.6 -62
IEM-PP4000-25K 4.2 115 2.9 -58
IEM~ET1000-0 9.5 19 1.8 -59
IEM-ET1000-25N 4.1 42 4.4 ~57
IEM~-ET2000-25N 6.0 80 4,1 —
IEM-ES530-25N 61.5 40 11.3 -5
IEM-ES830-0 . 9.0 38 3.1 -38
IEM-ES830-25N 20.5 58 7.4 -34
IEM-ES1250-0 - 17 2.4 —
IEM~ES1250-25N i1.9 48 3.6 -53
IEM~ES1970-25N 8.0 72 3.0 -55
1EM-CB590-0 46,2 30 8.9 2
IEM~CB1020-0 13.9 . 25 3.2 -11
IEM~CB1020-25N 30. ' 63 9.3 23
1EM-(B1970-0 6.1 ¥ 2.3 -39
T-PP1000-0 — — - ~33
T-r»1000-258 101, , 44 11.2 -
T-P>2000-25N 67.7 87 7.4 -
T-E1:000~0 34.4 37 13.7 -48
1-ET1000-25K 128. 93 20,1 47
T~ET2000~25K 80. 136 12, -
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Table 2, Viscosity of Selected Urethane ..rylate Prepolvmers

Sample Viscosity (r:ntipose)
IEM-PP1000 460
IEM-PP2000 530
IEM-PP3000 550
IE¥-PP4000 1030
IEM-ET1000 650
IEM-ET2000 1860
T-PP1000 4,850
T-PP 2000 10,140
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Table 3 Gel Fractions of UV-Cured
Urethane Acrylates

Sample . Gel Fracticn ()
JEM-PP1000-25N 98.%
IZEM-ET1000-25N 98.5
IEM-ET2000-25N 96.9
IEM-CB1020-25N 99.1
T-ET1000-25N 98.8

T-ET2000-25N 95.0
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o FIGURE CAPTIONS

Figure 1. Chemical structure of UV-curable urethane acrylate components and
! prepolymers.

“\; Figure 2. Infrared absorbance spectrum of sample IEM-ET2000-0 before UV-curing
. and twice expanded difference spectrum of the same sample before and
after one minute of UV-curing.

Figure 3. DSC thermograms of the IEM-PP-0 series materials before (---) and

‘t5 after (—) Uv-curing.
b

)

{2{ Figure 4. DSC g1ass transition temperature versus polypropylene oxide molecular
'*i weight for the lEM-PP series materials,

:5 Figure 5. DSC thermograms of the IEM-ES-25N series materials.

O
.:ﬁ Figure 6. DSC thermograms of IEM-polysl-0 materials.

e

"?; Figure 7. DSC thermograms for corresponding IEM and TDI-HEMA based materials.
x5 Figure 8. Stress-strain curves for the IEM-PP-0 (w—) and IEM-PP-25N (---)
'QJ series materials.

fi% Figure 9. Young's modulus (0,Y), stress at break (e,op), and elongation at
L2 break (0,ep) as a function of polyol molecular weight for the

. IEM-PP-25N series materials.

E; Figure 10, Dynamic mechanical storage (E') and loss modulus (E*) curves for the
N 1EM-ES-25K series materials.

g 2 »'

A

%@ Figure 11. Stress-strain curves for the IEM-E£S-25N series materials.

;;é Figure 12. Dynamic mechanical storage modulus (E') and loss factor (tan §)
‘;g curves for lEM-polyol-0 materials.

D A

‘ s

I%? Figure 13. Stress-strain curves for IEM-polvol-0 materials.

f:, Figure 14. Stress-strain curves for 1EM-polyol-25N materials.

) ,

X Figure 15. Dyramic mechanical storage madulus (£') and loss factor (tan &)
N curves for IEM-polyol-25N matarials.

5 . -

a; Figure 16. Stress-strain curves for corresponding IEM and TDI-HEMA based

f zaterials.

3 .

A Figure 17. Oynamic mechanic2) storage modulus (E') and loss factor (tan &)
f?— curves for corresponding IEM and TDRI-HEMA based materials.
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URETHANE OLIGOMER COMPONENT STRUCTURES
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Chermical Structures

|CH3 | ICH3
CH, = C H O 0 H C=CH
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0 0
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